Meat stored at 1 to 2 C under low oxygen tensions, either in gas-impermeable packs or in controlled atmospheres, occasionally exhibited an undesirable green exudate. The green pigment was identified spectrophotometrically as sulfmyoglobin. The conversion of myoglobin to sulfmyoglobin resulted from the production of H2S by bacteria tentatively identified as Pseudomonas mephitica. This organism produced H2S only when the oxygen tension was about 1 %O and the pH of the meat was 6.0 and above.
During the storage of fresh meat, green discolorations have been observed, which are normally attributed to sulfmyoglobin, cholemyoglobin, or verdoheme formation (5) . Little definitive information is available, however, regarding the conditions necessary for the formation of any of these green pigments on fresh meat.
During experiments on packaging of fresh beef, a bright green exudate was occasionally noticed when conditions of low 02 tension (-1 %) were established in the atmosphere surrounding muscles of high ultimate pH (above 6.0). This paper reports the identification of this green pigment as sulfmyoglobin and identifies the H2S-producing organism. The conditions necessary for H2S production by this organism were also determined.
MATERLALS AND METHODS
Packaging and storage of meat. Ox muscles (Longissimus dorsi) were wrapped in a gas-permeable film (MSADT 80) and stored at 2 C in a gas-tight container filled with a mixture of 0.5% 02, 10% CO2, and the balance nitrogen. These are referred to as the experimental packages. The commercial packages consisted of L. dorsi vacuum-packed in gas-impermeable Cryovac S (polyvinylidene chloride copolymer, W. R. Grace Co.) and stored at 1 to 2 C.
Identification of the pigment. Immediately after opening the experimental or commercial packages, the green exudate was washed from the wraps with distilled water and centrifuged at 10,000 X g for 10 min at 2 C. The spectrum of the clear supematant was recorded (Shimadzu Seisakusho Ltd., Kyoto, Japan, model MPS-50L) against an appropriate blank after dilution with water; treatment with sodium dithionite (2%) for 5 min; treatment with alkali (5 N NaOH) for 1.5 In all but the case in which the supernatant was exposed to air, 2 ml of reagent was added to 10 ml of solution. Cuvettes used had a path length 1 cm, and the range scanned was 550 to 700 nm. Measurement of gas concentration. Gas samples (0.1 ml) were withdrawn from the gas-tight container or through the packaging film of the commercial packages with a gas-tight hypodermic syringe. The composition of the gas phase was determined by using a 25V gas partitioner (Fisher Scientific Co., Pittsburg, Pa. Identification of H2S-producing isolates. Identification of the H2S-producing organisms was made according to the Manual of Microbiological Methods (10) and to Skerman (9) . In addition, the following biochemical tests were performed: gelatin liquefaction (7), conversion of ethyl alcohol to acetic acid (11) , and pigment production (4) .
Conditions necessary for H2S production. The effects of oxygen tension, temperature, and pH on the production of H2S by the above isolates were RESULTS AND DISCUSSION Identification of the pigment. The spectra of the exudate from the commercial packages, after the treatments described, are shown in Fig. 1 . The spectral analysis of the exudate from the experimental packages yielded similar results to those obtained from the commercial packages.
The peak given by the original solution at 617 nm is characteristic of sulfmyoglobin (6), although ferrocholeglobin and ferrocholemyoglobin also exhibit absorption maxima in this region at about 628 and 635 nm, respectively. The disappearance of this band upon treatment with alkali and dithionite eliminated the possibility that the pigment was either of the choleglobins. The band is merely shifted to shorter wavelengths (about 620 nm) with the choleglobins (6) whereas sulfmyoglobin, upon denaturation, forms the protomyochrome with a strong absorption peak at 557 to 558 nm (6) . The other reactions confirm the pigmentto be sulfmyoglobin. Thus, oxidation with ferricyanide or molecular oxygen yielded the red metsulfmyoglobin, and the absorption peak at 617 nm disappeared (8) . Treatment with dithionite led to reduction back to the green sulfmyoglobin and reappearance of the peak at 617 nm.
The peak at 580 nm observed in the original solution was due to the presence of unreacted oxymyoglobin, which upon reduction with dithionite yielded reduced myoglobin, with a peak at 560 nm, whereas oxidation by ferricyanide yielded metmyoglobin with a slight absorption peak at 630 nm (6) . Comparison of the extinction coefficients, at 580 and 617 nm, of oxymyoglobin and sulfmyoglobin (6, 8) indicated that the pigments were present in approximately equal amounts in the original exudate. The absorption due to the nonsulfur-containing pigments, at wavelengths greater than 600 nm, is only about one-tenth of that due to sulfmyoglobin (8) and thus would not complicate the spectral analysis, at these wavelengths, of the sulfmyoglobin in the exudate.
Isolation and identification of the H2S-producing bacteria. Approximately one-tenth of the H2S-producing organisms found on the LAC plates were screened, giving a total of 40 isolates. All of these isolates were pseudomonads.
Chai et al. (2) isolated an organism from fish that was capable of producing H2S at 1 C. They identified this organism as Pseudomonas putrefaciens. All of the H2S-producing organisms isolated from the experimental packages, and 90% of those isolated from the commercial packages, exhibited reactions differing from P. putrefaciens in litmus milk reaction and in rapidity of gelatin liquefaction. Ayres (1) reported the isolation ofP. putrefaciens and P. mephitica from meat and regards these two organisms as closely related. Our isolates fitted the description of P. mephitica (Bergey's Manual, 7th ed.), except that in the original isolation of this organism Claydon and Hammer (3) reported no H2S production.
The remaining 10% of the H2S-producing isolates from the commercial packages differed from P. mephitica also in litmus milk reaction and oxidation of glucose to acid.
One of the isolates fitting the description of P. mephitica but producing H2S was used for further study.
Conditions necessary for H2S production. H2S production was observed in the LAC tubes, at pH 6.0 and above, after 2 days at 20 C and 14 days at 2 C. No H2S production was observed at pH 5.9 or below under these conditions. The HiS production occurred only between the deeper butt and the slant-butt junction, i.e., only where limited 02 was available.
Thus, when meat with a pH of 6.0 and above is held under low 02 tension, there is likelihood of a 938 APPL. MICROBIOL.
on October 18, 2017 by guest http://aem.asm.org/ Downloaded from green discoloration due to the formation of sulfmyoglobin. This has been confirmed in the study of commercial packages and by experiments in which meat was inoculated with the isolated P. mephitica. The relevant data for four commercial packages are shown in Table 1 , which demonstrates the unique conditions necessary for sulfmyoglobin formation.
Thus in packs B and C, in which the 02 tension was low (1 to 2%) and the pH above 6.0, sulfmyoglobin was formed even though the proportion of H2S producers was only 2 to 5 % of the total population. In pack D, although the proportion of H2S producers was 40% of the total population and the pH above 6.0, sulfmyoglobin was not formed because the 02 tension was high (18%). In pack A, with 4% H2S producers and low 02 tension (2%), there was no evidence of sulfmyoglobin because the pH was below 6.0 (5.7). For all other packages showing sulfmyoglobin formation, the combination of high muscle pH (above 6.0) and low 02 tension (1 to 3%) was found.
Thus, sulfmyoglobin formation is observed only on meat having a pH above 6.0, since at lower pH values the bacteria are unable to produce H2S. In reinoculation experiments, a culture of P. mephitica was inoculated onto meat of pH 6.4 and stored under low 02 tension (-1 %) for 21 days at 2 C. The green exudate of sulfmyoglobin was observed after 14 days, and the color became more intense on further storage.
Low O2 tensions have two effects on the formation of sulfmyoglobin. (i) They allow the bacteria to produce H2S from sulfur-containing amino acids (9) , and (ii) they allow the formation of the green reduced sulfmyoglobin, as at higher 02 tensions oxidation to the red metsulfmyoglobin occurs (8) .
To avoid this green discoloration under low 02 tensions (in gas-impermeable packages or controlled atmospheres), meat of a high ultimate pH should not be used, since these conditions may allow bacterial H2S production and subsequent sulfmyoglobin formation.
